Abstract-Living under high stress may be unhealthy. This study explores electroencephalography (EEG) correlated with stressful circumstances by using the task-switching paradigm with feedback information. According to the behavioral and physiological evidence, acute stress created by this paradigm affected the performance of participants. Under stress, the participants responded quickly and inaccurately. The EEG results correlated with acute stress were found in the frontal midline cortex, especially on the theta and alpha bands. These specific factors are considered importance features for detecting the influence of stress by applying various machine-learning methods and neuro-fuzzy systems. This comprehensive study can provide knowledge for studying stress and designing BrainComputer Interface (BCI) systems in the future.
INTRODUCTION
Chronic (e.g., taking care of a baby) and acute (e.g., losing a job) stress may lead to over-activity of the stress-response mechanism of the body. Stress may lead to less stability, more fatigue, and health problems [1] , [2] . Furthermore, high stress may lead to mental illness (e.g., depression) or impair cognitive abilities such as decision-making and working memory [3] , leading to forgetting vital information and poor judgment.
Executive function is a set of cognitive functions that refer to people's abilities to process thoughts. Prior studies have shown the strong relationship between the frontal lobe and executive functions [4] . Executive function helps people achieve a goal-oriented task, such as remembering, planning, multitasking, and reasoning [5] .
The methods for determining the stress level using physiological information are available. The questionnaire is one of the most popular methods for assessing the real stress level [6] . Checking cortisol (often referred to as the "stress hormone") levels is also reported to be an objective method [7] . However, several studies related to stress-induced tasks failed to evaluate cortisol secretion in this review [8] . An increasing heart rate is usually found during strong anxiety [9] , [10] . Heart rate variability (HRV) can be calculated using the R-R intervals for a time-domain analysis. The relationship between low-frequency (LF) components in the RR power spectrum and mental stress has been shown in [11] .
The phenomenon of frontal midline theta (FM ) was observed form people with low anxiety scores, but not form those with high anxiety scores [12] . Traditionally, the alpha band activity represents the idling state of the human brain [13] . The high alpha power values were found in people with high anxiety [14] . Schmidt proposed that the asymmetric power values around the alpha band in the frontal area of the human brain could be stably found in the stressful situations [15] , and this phenomenon is unaffected by age or the environment. In other words, it can be one stable index for monitoring the distinct levels of stress [16] , [17] .
The purpose of this study is to investigate the relationship between acute stress and brain dynamics during task-switching. Furthermore, the influence of acute stress on brain dynamics can be inferred from this experiment, and the detecting system can be developed to verify stress levels to be able to reduce health problems.
II. MATERIALS AND METHODS

A. Experimental Paradigm
Two trial formats were designed in this experiment, as shown in Fig. 1(A) . The first trial asks subjects to identify the size of the ellipse, and the other verifies the direction of the ellipse. These two tasks would be presented in each session individually or are randomly shown in a mixed session, as indicated in Fig. 1(B) . All trial numbers for each session are shown in Table I . The participants were asked for responses by pressing the left arrow or up arrow buttons on the keyboard. A standard circle was shown in the center of screen before the start of each session. There were eight sessions in the experiment, as indicated in Table I (two sessions in each mixed session). Monetary punishment was used to induce acute stress. The participants could earn an extra bonus in each feedback session by responding quickly and accurately. In contrast, they lost the partial bonus when the answers were incorrect or the response time was slow. The participants would feel stressed when they competed with themselves, and these sessions were termed stress sessions. In the stress sessions, the feedback information includes the accuracy and response time was shown on the screen monitor after every eighth trial. There were totally two single sessions and two mix sessions in each the non-stress and stress conditions. Seventeen right-handed and healthy students aged 19 to 28 years were asked to participate in this study. One participant was removed from the study because the recorded noise was abnormal in the electroencephalogram (EEG) signals. Participants were screened to remove anyone with medical disorders. However, none of the participants had brain surgery or a history of psychiatric treatment. Each participant was instructed to minimize unnecessary movements during the recording to avoid noise and complete questionnaires before and after the experiment. Five types of questionnaires were used in this study to identify different stressors. The EEG signals were recorded by a sintered Ag/AgCl electrode cap with 32 channels set according to the modified International 10-20 system with a fixed 1000 Hz sampling rate. The electrocardiography (ECG) signals were also recorded by using sintered Ag/AgCl electrodes. Two ECG electrodes were placed on the participants, as proposed by Einthoven [18] . One of the electrodes was placed slightly above the collarbone, and the other was located close to the floating rib for each participant. ECG and EEG signals were recorded simultaneously with 32-bit ADC and a sampling rate at 1000 Hz by the Neuroscan SynAmps2 system. Saliva samples were collected by a dental cotton roll placed in the mouths of participants for 2 min, and this step was repeated several times throughout the whole experiments to collect multiple samples. After collecting saliva samples, the samples were immediately stored at -20 °C until an analysis was conducted.
B. Data Analysis
The response time is defined as the interval between the appearance of a target on the screen to the relative button pressing, averaged among all correctly answered trials. Trials with EEG artifact signals were excluded from the average. The response time was kept within two standard deviations of the mean values.
The mixing cost and switching cost are considered in this study. The difference in response time between performing a non-switch trial and a single trial was defined as the mixing cost, found by subtracting the average response time of single trials from that of non-switch trials. In contrast, the difference of response time between performing a switch trial and a nonswitch trial was defined as the switching cost, obtained by subtracting the average response time of non-switch trials from that of switch trials.
The EEG raw data were down-sampled from 1000 to 250 Hz and filtered with a band-pass filter (0.5-50 Hz) to reduce the size of the data. Each EEG epoch was extracted from 1 sec before the fixation cross to 3 sec after the fixation cross. The pre-stimulus period before fixation was defined as the baseline. To investigate the changes in the spectral power and the perturbations in the oscillatory dynamics of the ongoing EEG, the base level of each EEG epoch was removed by the baseline.
After extracting all epochs, Independent Component Analysis (ICA) was applied to separate independent sources from the brain network. Since the 1990s, ICA has been extensively applied to solve the problem of EEG source separation, identification, and localization. After ICA decomposition, the frontal and parietal components were selected. Similarly regional components were clustered for further cross-subject analysis. The event-related spectral perturbation (ERSP) estimates the mean magnitude in brain dynamics of the EEG frequency spectrum with experimental events. An event-related trial is supposed to have a corresponding spectral perturbation on brain dynamics; thus, the fast Fourier transform (FFT) was also applied to obtain the frequency information.
An estimating procedure for HRV has been proposed, and it was modified in the current study [19] . Four indices for detecting the QRS complex are as follows: The first is the amplitude of the Q-R wave. The second is the amplitude of the R-S wave. The third is the duration of the Q-S wave. The last The switching effect is investigated. The participants also required more time to complete the second task, which was distinct from the first one. (* p < .05; ** p < .01; *** p < .001) (snf: single no feedback; mnf_ns: mixed, no feedback, non-switch; sf: single feedback; mf_ns: mixed feedback nonswitch) Fig. 3 . Assistant assessment results. (A) The STAI score can be used to evaluate the stress levels of the participants. When the participants were under high stress, the score was also higher. (B) The cortisol secretion fails to evaluate the participants' levels of stress. (C) The participants have higher heart rate under stress.
is the duration of the R-S wave. To eliminate noise, the abnormal QRS complexes are excluded by four standard deviations of the mean values. When the valid QRS complex is found, the R-R interval can be estimated as well. Resampling and interpolation were required to make the data smooth and continuous. After down-sampling to 250 Hz, an FFT was used to transform the signal to the frequency domain with a Hamming window as long as each session time.
III. RESULTS
A. Behavioral Assessment
Behavorial results are reported in this section. The response time was significantly reduced in feedback (stress) sessions, as shown in Fig. 2(A) . The participants responded more slowly to the single or mixing tasks under the non-feedback conditions. Fig. 2(B) shows that the accuracy of the mixing tasks was significantly reduced, but the accuracy was not significantly different between the feedback and non-feedback situations. Fig. 2(C) shows that the response time of mixing tasks increased significantly, and that the mixing cost could be discovered. Fig. 2(D) shows the factors of the switching cost. The response time for tasks in the switch condition is also significantly slower than those in the non-switch conditions. According to Figs. 2(C) and 2(D), the response time in the nonfeedback sessions was slower than that of the feedback sessions. These results indicate that the participants took more time to respond to the mixing tasks, especially when the two serial tasks were switched.
B. Physiological Assessment
Physiological assessments, including questionnaires, secretion of saliva, and the heart rate, were also analyzed to evaluate the levels of stress in this study. Fig. 3(A) shows the STAI-S score in each session. Higher scores can be discovered in the feedback (stress) sessions. According to the questionnaire results, the participants felt stressed when the feedback information was provided. The statistics of cortisol secretion failed to reach significance, as shown in Fig. 3(B) . In our study, acute stress did not cause cortisol levels to change. Fig. 3(C) indicates that the average heart rates of participants increased significantly in the feedback sessions.
C. Brain Activities
The active (positive) and inactive (negative) brain dynamics between stress and non-stress situations are shown in Fig. 4 . The frontal component is related to the executing function, and the partial component is linked to attention and vision; therefore, these two components were chosen for analysis in this study. ERSP images of the frontal and parietal components are shown in Figs. 4(A) and 4(B) , respectively. The main differences of brain activities related to stress can be found in the frontal component. All power differences were tested using a t test across the participants. Fig. 4(A) shows that the greatest power values were found in the 5-15 Hz range during the feedback trial configuration in the frontal region, and that a relationship exists between acute stress and brain dynamics in the frontal area. In contrast, significant difference is not seen in the parietal component, as shown in Fig. 4(B) . Based on the results of ERSP, brain activity in the frontal component may be related with stress levels. 
D. Brain-Computer Interface
Based on the ERSP results in the frontal area, the stressrelated effects can be determined. When participants were under high-stress situations, the power value around the theta and alpha bands increased, as shown in Fig. 4(A) . Fig. 5 presents a model of stress detection, including methods for feature extraction and machine-learning.
The recorded EEG signals from the frontal areas are first processed using the FFT or discrete Wavelet transform (DWT) to obtain frequency information. Brain sources in the frontal area include the electrical channels on the EEG scalp or the components with ICA processing. Channels in the frontal area include Fp1, Fp2, F3, F4, F7, F8, and Fz. The power values of the theta and alpha bands are extracted to be the specific features. To investigate continuously changing stress levels in daily life, fuzzy logic is used to provide the degrees of stress levels.
IV. CONCLUSION
This study investigated how the executive function changes under stress. Based on behavioral and physiological data, stress was induced on participants in the feedback sessions in this study, and then they were required to respond to tasks more quickly under stress without sacrificing accuracy. The heart rate was found to significantly increase under stress. No significant change in cortisol secretion under stress was found. Acute stress was found to affect EEG results over a wide frequency range in the frontal area, specifically over the theta and alpha bands. To respond quickly and accurately, the working memory capacity of the participants were enlarged. These findings are consistent with the Yerkes-Dodson law, where the feedback in this study produced stress in participants.
Chronic stress may reveal similar patterns on brain dynamics. To improve health care, estimating levels of stress is vital. To avoid diseases caused by stress, our future work may use the phenomena observed in the frontal component as an indicator to predict stress levels.
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